Selection of the bandedge lasing mode of a photonic crystal laser has been realized in a fluorescent dye doped chiral nematic liquid crystal by exerting electrical control over the mode competition. The bandedge lasing can be reversibly switched from the short-wavelength edge mode to the long-wavelength edge mode by applying a voltage of only 20 V, without tuning the bandgap. The underlying mechanism is the field-induced change in the order parameter of the fluorescent dye in the liquid crystal. The orientation of the transition dipole moment determines the polarization state of the dye emission, thereby promoting lasing in the bandedge mode that favors the emission polarization. Moreover, the dynamic mode-selection capability is retained upon polymer-stabilizing the chiral nematic liquid crystal laser. In the polymer-stabilized system, greatly improved stability and lasing performance are observed. The lasing behavior in chiral nematic liquid crystals (CLC) has been extensively studied over the past decades due to its favorable properties, such as low threshold, high tunability, and the ease of fabrication. [1] [2][3] CLC is a particular class of liquid crystals in which the molecules self-assemble into one-dimensional helices, typically formed by mixing a nematic liquid crystal with a chiral agent. The concentration and twisting power of the chiral agent determine the helical pitch (p). Such a periodic chiral structure can be regarded as a one-dimensional photonic crystal for a circularly polarized probe with the same handedness as that of the structure. The associated photonic bandgap (PBG) is located at λ c = n c ⋅p with a bandwidth Δλ = Δn⋅p, where n c and Δn are the average refractive index and birefringence of the CLC, respectively. Resonances occur at the two bandedges: long wavelength edge (LWE) and short wavelength edge (SWE); the corresponding wavelengths are λ LWE = n e ⋅p and λ SWE = n o ⋅p, respectively, where n e is the extraordinary refractive index and n o is the ordinary refractive index. At the bandedge, the group velocity of light approaches zero, and hence the density of states is significantly enhanced. 4,5 In the presence of a gain medium, laser action can occur at the photonic bandedge(s) through optical excitation-usually termed the bandedge lasing. To date, a great deal of effort has been devoted to achieve a wide dynamic tuning range of the lasing wavelength with the aid of external inputs, such as electric field 6,7 , heat 8,9 , light 10 , and mechanical stress 11 . However, the post-
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16,17
The SWE mode is favored when the order parameter of the dye becomes negative (0 > S d ≥ -0.5). Undoubtedly, a high value of S d results in a large threshold difference between the two lasing modes. Three chiral nematic mixtures, CLC-1, CLC-2, and CLC-3, were employed. CLC-1 is composed of 72.5 wt% nematic liquid crystal, TH-Neg-3 (exhibiting negative dielectric anisotropy Δε = ε // -ε ≈ -4; from Tsinghua University), 26.5 wt% chiral smectic, S811 (Merck), and 1 wt% laser dye, pyrromethene 597 (Exciton). CLC-2 has the same ingredients but a lower concentration of S811, 26 wt%. CLC-3 was prepared by adding 8 wt% reactive mesogen, RM257 (Merck), and 1 wt% photoinitiator, IRG 651 (BASF), to CLC-1. These mixtures were stirred in the isotropic phase for four hours to ensure homogeneous mixing. We filled CLC-1 and CLC-2 into glass cells with identical thicknesses of 20 μm and CLC-3 in a 15
μm-thick cell. The substrates were pre-coated with conducting indium-tin-oxide layers, serving as electrodes, and polyimide films for planar surface alignment. These samples exhibit a Grandjean texture at room temperature. To form a polymerstabilized planar CLC, in-situ photo-polymerization was conducted in the CLC-3 cell via ultraviolet exposure for 20 minutes (λ UV ≈ 360 nm, I ≈ 80 mW/cm 2 ). In the experiments, the CLCs were pumped by a continuous-wave diode-pumped solid-state 3 laser or a focused linearly-polarized Nd:YAG pulsed laser, Powerchip PNG-M02010 (300 ps; TeemPhotonics), both at 532 nm and 45° incidence. The convex lens used for focusing has a focal length of 10 cm. The emission from the CLC cells was collected by a fiber-optic spectrometer, USB4000 (Ocean Optics).
To gain insight into the electro-optic behavior of the CLC laser, a DC-biased CLC- The field-induced change of the emission spectrum enables the selection between the two bandedge laser modes. Figure   2 (a) shows that, in the absence of a DC bias, the CLC-1 cell lases at 578 nm, corresponding to the SWE mode. This is primarily because the gain profile of pyrromethene 597 peaks near the SWE, cf. FIG. 1(c) . The far-field pattern of the SWE lasing is displayed in FIG. 2(b) . The observation of a strong yellowish laser beam surrounded by bright cone lasing indicates that the CLC is perfectly aligned.
21,22
Under a bias of 15 V, the laser action takes place at both bandedges. The emergence of the LWE lasing is attributed to the fact that the applied field increases the order parameter of pyrromethene 597. To be precise, the pyrromethene dye possesses a permanent electric dipole moment perpendicular to the long axis of the molecule 4 (d e n dye ) and a transition dipole moment along the long axis of the molecule (d t // n dye ). 23 In the presence of the DC bias, the dye molecules are reoriented away from the field axis by the electric torque (E // d e n dye ) and thereby aligned more closely with the local LC director (n dye // n LC ), i.e., S d increases. A higher order parameter for the dye favors the coupling between the dye emission and the LWE emission and reduces the coupling with the SWE in that d t // n LC . 18 This leads to suppressed optical gain at the SWE and enhanced gain at the LWE, as shown in FIG. 1(c) . For the same reason, the LWE lasing is intrinsically preferred, even though the gain in the SWE regime is still three times larger than that in the LWE regime [FIG.   1(c) ]. The LWE lasing hence emerges with the aid of the DC field. As the applied field is increased to 20 V, the bandedge lasing of the CLC-1 is fully switched from the SWE mode to the LWE mode. Figure 2(c) shows the far-field pattern of the red LWE lasing generated at 20 V. Because of the field-induced instabilities, the laser beam appears to be relatively divergent. Moreover, repeated switching between the two lasing modes can be achieved by applying an AC field at f ≤ 0.3
Hz.
To examine if the condition of the PBG position relative to the emission band is critical for field-assisted mode selection, the CLC-2 cell was fabricated, exhibiting the SWE and LWE at 600 and 640 nm, respectively. The PBG of the CLC-2 cell is red-shifted by ~15 nm from that of the CLC-1; therefore, the emission profile in the SWE regime remains sharp but the profile in the LWE regime appears to be much smaller and smoother than that of the CLC-1, cf. The last part of the study is devoted to the field-assisted selection of lasing modes in a polymer-stabilized chiral nematic liquid crystal (PS-CLC) laser. It has been proven that stabilizing a CLC with a polymer scaffold (8 wt%) formed in-situ gives rise to more possibilities for PBG manipulation, such as continuous wavelength tuning and fast electro-optic switching. [24] [25] [26] Nonetheless, the key advantage of PS-CLCs over polymer-free CLCs is the high structural stability under external stimuli.
Muñoz et al. demonstrated that the PS-CLC laser can withstand continuous-wave pumping at a high fluence level, and thus continuous-wave lasing is achievable.
24 Figure 4 shows the lasing spectra and far-field emission patterns at different DC voltages. It is apparent that the proposed scheme also works for a PS-CLC laser (i.e., the CLC-3 cell). The color mixing of the two bandedge laser modes can be easily adjusted by varying the voltage-tuning of the emission color from yellow (SWE mode) through orange (mixed mode) to red (LWE mode) with increasing field. The beam size and pattern stay nearly the same upon switching to the LWE mode, giving a clear indication of better electrical stability than the polymer-free CLC lasers (i.e., CLC-1 and CLC-2). This is primarily because the threshold voltage for the field-induced instabilities is raised well above the mode-selection voltage upon the polymer stabilization.
In summary, we have realized DC field-assisted control over the mode competition of the bandedge lasing in polymerfree and polymer-stabilized CLCs. The electric field is used to engineer the order parameter of the fluorescent dye in a CLC, enabling a route to selecting the lasing mode from two possible resonances: the long-wavelength and short-wavelength bandedges. The mode selection is a process of manipulating the competition between the emission dispersion (i.e., the gainbandedge overlap) and the favored resonance mode determined by the orientation of the dye's transition dipole moment. In the absence of DC fields, the laser action occurs only at the SWE if the PBG is chosen so that the SWE is much closer to the gain maximum of the dye than the LWE. With increasing voltage, the SWE mode is gradually suppressed, while the lasing mode at the LWE becomes dominant. Such switching is reversible, and the corresponding time constant is of a few seconds.
Compared to the polymer-free CLC lasers, the PS-CLC laser exhibits high structural stability and enhanced lasing 
